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ABSTRACT 

Results of the activities performed during the third quarter of this program for establishing 

the feasibility of a 30 Watts Per Pound Roll-up Solar Array are reported. Included are the 

complete definition of a model to demonstrate the deployability of the selected flight a r ray  

configuration, the thermal cycling tests of a 5-cell by 5-cell module, and the investigation 

of factors affecting the array blanket edge curling phenomenon. 
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SECTION 1 

INTRODUCTION AND SUMMARY 

This report covers the third quarter of the Feasibility Study of a 30 Watts per  Pound Roll-up 

Solar Array Program being performed by the Space Systems Organization of the General 

Electric Company under Contract No. 951970 for the Jet Propulsion Laboratory of the 

California Institute of Technology. The objective of the program is to perform a preliminary 

design and design analysis of a 250-square foot deployable (roll-up) solar panel which shall 

have a specific power capability of 30 watts per pound or greater and which shall be capable 

of meeting the environmental requirements of JPL Specification No. SS 501407, Revision A. 

The power capability of the array is to be based on cells having an efficiency such that an 

electrical output of 10 watts per square foot will be achieved at air mass zero, 55 C, and 

1.00 AU. Cells to be considered in the design are  0.008-inch thick and N / P  protected by a 

0.003-inch thick filtered microsheet shield. 

0 

The initial section of the program consisted of studies of candidate arrangements and deploy- 

ment concepts to sufficient depth that a basis for  the selection of the system configuration 

was established. These system tasks were supported by two additional detailed studies: 

one involving deployment boom and deployment mechanism preliminary design, and the 

other involving conversion of empirical solar cell data into forms required by general array 

design computer program. Dynamic and static structural analyses were conducted. These 

tasks were essentially completed during the first quarter and are  reported in Quarterly 

Technical Report No. 1 (Reference 1). 

The second major segment of the program involved the preliminary detailed design of the 

components making up the 30 watts per  pound roll-up solar array panel. During the second 

quarter, the preliminary design of all major components was completed. Design tradeoff 

studies were completed which led to the selection of the baseline configuration, A component 

specification for the solar panel actuator (deployable boom) was prepared and issued, 
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Based on this specification, the SPAR Aerospace Products* BI-STEM was selected as the 

solar panel actuator. The preliminary design details of the selected flight configuration 

a re  documented in Quarterly Technical Report No. 2 (Reference 2). 

* 

A technical review of the first six months of this feasibility study was presented at JPL  on 

30 January 1968. Appendix A includes the visual aids used during this technical 

present at ion. 

During this third quarter, the detailed design was completed for an Engineering Demonstra- 

tion Model (EDM) which exhibits the deployability of the selected flight configuration. The 

fabrication of this EDM was started, and thermal cycling tests are currently being conducted 

on a 5-cell by 5-cell module with the proposed interconnections. 

* Formerly SPAR Division of deHavilland Aircraft of Canada 
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SECTION 2 

TECHNICAL DISCUSSION 

The technical effort during this third quarter has been concentrated on the detailed design of 

the component parts for the Engineering Demonstration Model. Engineering support during 

the model fabrication cycle is continuing. An investigation of the array blanket edge curling 

phenomenon was undertaken and the results are reported in this section. The I-V charac- 

teristics for 2-ohm cm, 8-mil solar cells were reduced to the form required by the digital 

computer program which calculates the array I-V characteristics. 
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Observable array blanket edge curling should not occur on the flight c( 

solar array design. I 

Figure 1 illustrates the edge curling phenomenon observed on the full-size demonstration 

model which was displayed at the mid-term contract review presentation. This type of edge 

curling can readily be observed on an ordinary household roll-type window shade. Some 

possible explanations for the edge curl  phenomenon considered here are as follows: 

Figure 1. Blanket Edge Curl on a Solar Array Demonstration Model 
Using a Paper Blanket 
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a. It is induced by the stresses produced in the blanket by the effects of the end loads 
applied to the blanket. 

b. It is induced by the s t resses  resulting from the unrolling of the blanket from the 
drum. Stresses are created because of the normal residual curvature formed in a 
sheet when it is wrapped around a drum. 

c. It is induced by the edges being of greater length than the center section, due to pre- 
vious high edge loadings or  environmental effects. 

It was concluded from consideration of these explanations that the stress patterns in the 

blanket due to the normal deployed loading conditions do not produce edge curl  (explanation 

a) and that, although the phenomena of explanations b and c can explain observed edge.curls 

for some materials and conditions, they do not apply to the material and loading conditions 

for the array blanket. Therefore, the overall conclusion is that the edges will not curl  on 

the proposed ar ray  blanket. 

2 . 1 . 1  EFFECTS OF END LOADS 

2 . 1 . 1 . 1  Unrestrained Sheet 

First, the possibility that edge curl  can result from the tension loads developed in the 

blanket by the deployment rod was explored using simple analytical models. A thin flat 

sheet of material (not subjected to end restrainis) with tensile forces p uniformly distribu- 

ted along the ends, was considered as shown in the following sketch: 
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Under these conditions, the length, d ,  will change due to a uniform unit strain 

from the direct tensile stresses. The unit strain, A&/&, is given by - *' = - whereS 
d E '  

resulting 
r 

is the stress and E is the modulus of elasticity. In addition, the tensile stresses will  pro- 

duce a uniform lateral contraction of the sheet proportional to Poissonfs ratio ( g), 
Aw S -- - ' P Z .  

W 

The conclusion drawn is that these uniformly distributed stresses and strains could not 

produce out-of-plane deflections; and therefore no explantion of the edge curl  phenomenon 

is provided. 

2.1.1.2 Sheet With End Restraints 

The next approach was to consider the effects of the ends of the sheet being laterally re- 

strained as they are on the drum and leading edge member of roll-up array. The lateral 

strain and associated edge displacement, Aw, are then fully suppressed at the ends; while 

lateral contraction midway between the ends and away from the end effects will be practi- 

cally unsuppressed, as in the sheet without end restraints. A nonuniform stress and strain 

distribution, therefore, results between the restrained edges of the sheet and the unaffected 

midsection, with the possibility of the sheet assuming the shape shown in the following 

sketch (exaggerated €or explanatory reasons): 

4 
-c 
- c P  W 

IC& I 

To establish bounds on the differences in length between end and center fibers, a uniform 

stress distribution along the length, 4, is assumed, though variations across the sheet 
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will  be allowed. * The lengthwise strain of the center fibers near the ends of the sheet wil l  

be slightly less than before. 

by the relationship, c 

However, the strain at the edge of the sheet, where the lateral restraint is zero, is still 
S given by the previously developed relationship, E = - 

This is due to the suppression of lateral strain and is given 

, where E is the unit strain in  the direction of 4,. .e =(1-c1) E .e 

G E .  

These equations (for two locations in the sheet near an end) illustrate the varying effects of 

the end restraint on the equations governing the fiber stresses. A complete analysis of the 

stress and strain distribution throughout the sheet is complex and not readily amenable to 

hand calculations. However , General Electric's Missile and Space Division has a computer 

program (SAFE) which allows a detailed solution of this problem and will  be used if deemed 

necessary. This program is described in Section 2.1.4.  

can be used, consideration must be given to the fact that analyses of nonuniform local end- 

load problems show that the effects of s t ress  and strain become negligible at a distance from 

the end of the sheet that is approximately equal to. the width. 

However, before this program 

The fact that the length/width ratio of the proposed array blankets is approximately 9:l 

led to the conclusion that nonuniform stresses due to end effects would not explain the edge 

curl  observed at the midsection of the blanket away from the ends. 

s t ress  or strain pattern that causes out-of-plane displacements. 

program stress  analysis was not carried out, and other explanations of the edge phenomenon 

There is also no obvious 

Therefore, a computer 

were sought. 

To verify this conclusion, a simple test was  conducted to confirm that end loads will  not 

produce the stresses required to produce the edge curl. 

section. 

This test is described in the next 

* This stress distribution cannot be the actual stress distribution in the blanket, but it pro- 
vides results which give greater insight to the problem. 

! 
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2 .1 .1 .3  Test Sheet 

An initially flat sheet of 1-mil Kapton-H film of approximately the same length/width ratio 

as the proposed array blanket was looped around a pencil at each end (the loop was closed 

with mylar tape) and pulled by hand to provide end tension loads. In this simple experiment, 

no tendency for edge curling was observed under either low or  high end loads. This confirms 

the above analytical conclusion that blanket end tensile loads do not induce edge curling. 

2.1.2 EFFECTS OF WRAPPING BLANKET ON DRUM 

Consideration of the effects of wrapping the blanket on the drum led to the following ex- 

planation of the edge curling phenomenom observed in the demonstration model and in 

household window shades. However, experience with the Kapton-H film indicates that an 

Occurrence would not exist in an a r ray  blanket using this material. 

If it is hypothesized that wrapping the blanket material onto the drum will  stress the mater- 

ial so highly as to produce a permanently curved deformation, then when the sheet is pulled 

flat by the end loads, the tension load distribution through the thickness of the sheet would 

become unequal by an amount equal to the magnitude of the additional tension loads in the 

top fibers required to bend the sheet flat. At a distance from the ends of the sheet, where 

end effects may be ignored, the otherwise uniform tensile stress distribution through the 

thickness would be modified by the addition of tension and compression (stresses probably 

nonlinear in  distribution) such as  the following: 

I- 4, 4- 

A s  noted in Section 2.1.1,  the tensile stresses in the top fibers wil l  tend to produce lateral 

contraction of the top fibers across the width of the plate, and correspondingly, the com- 

pression stresses in the bottom fibers will tend to produce lateral expansion across the 
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width of the plate. It is apparent that these combined contraction and expansion tendencies 

through the thickness of the sheet wil l  tend to produce a curvature across the width of the 

sheet. With the sheet restrained f la t  at the ends, the net result would be a n  edge curl. 

Thus, it may be concluded that if the blanket material properties are such that it takes on 

the curved shape of the drum after wrapping, the above analysis could explain its edge 

curvature. Experience with paper and window shades, which do tend to take a curved 

shape after wrapping, would indicate the analysis is applicable to these materials. How- 

ever, experience with Kapton-H film, which does not assume any residual curvature even 

after being wrapped on a lead pencil, would indicate the analysis does not apply to the pro- 

posed array blanket material. 

2 . 1 . 3  EFFECTS OF BLANKET EDGE STRETCHING 

The following analysis shows that the flatness of a sheet is highly dependent upon all ele- 

ments being of equal length. 

stretched relative to the center section, this could explain the out-of-plane edge curvature. 

Again, experience with paper material, where stresses and/or mositure absorption due to 

edge exposure or handling could cause edge lengthening, indicates the applicability of this 

Therefore, if the edges of the sheet should become permanently 

explanation to the paper blanket of the demonstration model. Similarly, recognizing that 

window shades are often pulled down at the edges might explain a stretched edge condition 

there. However, with controlled handling of a material like Kapton-H film, this edge 

stretching would not be expected. The following example illustrates the sensitivity of the 

out-of-plane deflections to a difference in element lengths. 

Assume a blanket length of 409 inches. E the outer edges were 0.0019 inches longer than 

the midsection, then, maintaining compatibility at parallel ends and assuming the edges 

take a circular a r c  shape, the corresponding out-of-plane displacement, h, is 0.53  inches, 

as illustrated below. 

0.19 degrees. 

The angle formed by the normals at  the ends of the a rc  is less than 

9 



2.1.4 STRESS ANALYSIS FINITE ELEMENT PROGRAM (SAFE) 

SAFE is a generalcomputer program developed by General Electric for the structural 

analysis of isotropic and/or orthotropic bodies using finite element techniques. In general, 

SAFE has the capability of computing stresses, strains, and displacements throughout the 

cross section of an axisymmetric or  in the plane of a planar body. The loading must be 

axisymmetric (or in-plane) but otherwise may vary arbitrarily. In addition to arbitrary 

thermal gradients , loading functions may include pressures, shears, arbitrary loads, or 

displacements, and body forces or accelerations which may be specified within any point 

of the model. 

temperature dependent. 

The model may have as many as six distinct materials, all of which may be 

It is possible to have individual properties in every element. This allows great flexibility 

in solving complex thermostructural problems, evaluating edge stress problems , and com- 

puting the effects of geometric and material discontinuities on the s t ress  distribution. The 

program also provides optional graphic output, on the SC -4020 printer-plotter, of all 

computer data from the main computational link. 

with saved tapes a t  any time in order to obtain additional output not requested at the time of 

the initial run. 

or strain components, either as contour plots or as distribution plots at any given station. 

The plot program can be run separately 

Graphic output options include a deformed grid and plots of any of the stress 

2.1.5 ANALYTICAL TECHNIQUES 

The analytical techniques described in References 3 and 4 are also applicable to this prob- 

lem. However, they have not been programmed for a 

be less convenient than the SAFE Computer Program. 

10 

digital computer and therefore would 



2.2 ARRAY I-V CURVE USING 2-OHM CM, 8-MIL CELLS 

The use of 2-ohm cm, 8-mil solar cells results in a calculated array power 
output of 2523 watts at 55OC, 1.000 A . U .  o r  10.09 watts/ft2 of gross module area 

A set of coefficients for use in the GE-MSD Solar Array I-V Curve Computer Program 

was generated for 8-mil thick solar cells with a 2-ohm cm base resistivity. This computer 

program calculates the current/voltage characteristics of the whole array, taking into a 

account the following performance parameters: 

a. 

b. 

C. 

d. 

e. 

f. 

g. 

h. 

Solar intensity 

Temperature 

Solar incidence angle 

Series cells in a string 

Parallel cells in a string 

Number of strings 

Basic cell characteristics (temperature-dependent, I-V characteristics 
on measured cell data) 

Losses and uncertainties 

The output of the program is a listing, for each different operating condition, of 

based 

voltage 

versus total current and power. 

It calculates the array output based on the I-V characteristics of a single cell, adjusting 

the voltage and current scale factors to account for the numbers of cells in series and 

parallel., The single-cell, I-V curve is obtained from 

11 



where 

I = cell current output 

V = voltage on cell. 

The coefficients are: 

I =  

R =  

I =  

K =  

R =  

sc  

P 

0 

S 

Illumination current (virtually equal to the short circuit current) 

Shunt resistance of the cell 

Reverse saturation current of the ideal diode characteristic 

Coefficient of the exponent, (V + R I) 

Series resistance of the cell. 

S 

The coefficients a r e  treated a s  functions of temperature, using sixth-degree polynomial 

approximations to more accurately reflect changes in cell characteristics with temperature. 

The correction for angle of incidence includes the cosine and an allowance for increased reflec- 

tion from the cell and filter a t  large incidence angles, and is applied to I 

Other loss factors a re  also applied to I 

applied as a downward voltage shift to the basic I-V curve. 

a s  a multiplier. sc 
and the voltage component of radiation damage is 

sc  

I-V calculations were made using this program with %mil, 2-ohm cm cell characteristics. 

These results were checked against the empirical data contained in Reference 5 for various 

temperatures ranging from -1-120 C to -120 C. Figure 2 shows some of these data plotted 

in Figure 4 of Reference 5. There is very good agreement between these curves and the 

calculated points obtained from the I-V Curve Computer Program. 

0 0 

This program with the coefficients for 8-mil, 2-ohm cm cells, was used to obtain the I-V 

curve shown in Figure 3 for the proposed array configuration described in Reference 2. 

12 



VOLTAGE - CURRENT CHARACTERISTICS VS CELL TEMPERATURE 
FOR 2x2  CM 2 OHM CM N/P SOLAR CELL 
SILICON THICKNESS 0.008 INCH., ACTIVE 4 E A  3.9 CM2 
SUNLIGHT SIMULATOR 140 M W/CM2 
BALLOON CALIBRATION 

160 

140 

120 

40 

20 

0 t 
0 . 1  . 2  .3 .4  .5 . 6  . 7  .8  . 9  1.0 

VOLTAGE (VOLTS) 

Figure 2. Solar Cell Characteristics, 2-Ohm Cm, 8-Mil 
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2 523 WATTS 

0 2-CM X 2-CM, 8-MIL, 2-OHM CM, BAR CONTACT 
@ 242 SERIES CELLS/STRING 
0 1 9  PARALLEL CELLS/ SUBMODULE 
@ 55,176 CELLS TOTAL 
0 CELL TEMPERATURE - 55OC 
0 AM0 (139,6 rnw/cm2) 
0 SOLAR ANGLE O F  INCIDENCE -- 10' 

INCLUDES 6-PERCENT COVER GLASS LOSS 

0 20 40 60 80 100 12 0 

ARRAY VOLTAGE (VOLTS) 

Figure 3. A r r a y  I-V Curve,  2-Ohm Cm, 8-Mil 
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0 
Note that the utilization of these cells results in calculated maximum power (at 55 C) of 

2523 watts at 102 volts. This is based on 3.8 cm of active area per cell (bar contact) 
2 

i and includes an estimated cover glass loss of six percent and the loss associated with a 

10-degree solar angle of incidence. 

A similar I-V curve based on coefficients for 8-mil, 10-ohm cm cells (References 1 and 5) 

is shown in Figure 4. Under the same assumptions and operating conditions, these cells 

result in a calculated maximum power at 55 C of 2294 watts at 90 volts. 
0 

2 
Thus, cells with a 2-ohm cm base resistivity meet the requirement of 10 watts/ft of -I 

I 
module area. 
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Figure 4. A r r a y  I-V Curve, 10-Ohm Cm,  8-Mil 
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2 . 3  THERMAL CYCLING TEST RESULTS 

To date, no conclusive results have been obtained. Testing will continue into 
the fourth quarter. 

The 5-cell by 5-cell module shown in Figure 5 was fabricated for the purpose of obtaining 

experimental verification of the ability of the interconnections to perform satisfactorily in 

a thermal cycling environment. The thermal cycling test fixture is shown in Figure 6. The 

5-cell by 5-cell module is shown mounted to the heat sink. The open-cell foam and glass 

disc a r e  used to apply light pressure to hold the module in contact with the heat sink. The 

open-cell nature of this foamed sheet allows the cells to be illuminated through a window 

in the chamber. 

An initial I-V curve on the 5-cell by 5-cell module was obtained under a tungsten stimulator 

to establish a baseline for detecting electrical degradation which resulted from the thermal 

cycling test. The module was placed in the chamber on the heat sink and cycled 114 times 

between -200 F and +200 F. The short-circut current was continuously monitored during 

this test. During removal from the heat sink, the module was damaged while being released 

from the grease which was used to maintain good thermal conductivity between the heat sink 

and the module substrate. This handling damage was extensive and made it impossible 

to detect any possible thermal cycling damage. An examination of the short-circuit current 

record made during the test revealed no recognizable degradation. 

0 0 

A second module was fabricated which was identical to the damaged module. Thermal 

cycling tests were started on 28 March 1968, and their results will be reported during the 

fourth quarter. 
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Figure 5. 5-Cell x 5-Cell Module, Front Side 
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2.4 MATERIAL CONSIDERATIONS 

A l l  polymeric materials which are utilized in the proposed design have been 
reviewed in regards to suitability for use in a space environment. 

The polymeric materials which are proposed for the 30 Watts  per Pound Roll-Up Solar 

A r r a y  have been reviewed with respect to the experimental data contained in Reference 6. 

This report presents data on the behavior of polymeric materials in a thermal-vacuum 

environment. Loss of weight and the amount of released material which may condense on 

cool surfaces adjacent to the warmed polymer are important criteria in the determination 

of a material's suitability for use in a space environment. The criteria proposed in 

Reference 6 is stated as follows: 

"Thus, a polymeric material should not be considered suitable for use in 
spacecrafts o r  be subjected to further evaluation, unless it exhibits a 
1-percent o r  less weight loss and a 0.1-percent o r  less maximum volatile 
condensable materials (VCM) content on exposure to the thermal-vacuum 
environment of 125OC and torr. 

Table 1 is a summary of the organic materials proposed for use in the roll-up solar array, 

along with the corresponding values for percent weight loss and percent by weight of VCM. 

An examination of this table shows that the foamed RTV 580, which is used for the cushion- 

ing buttons on the rear side of the array substrate, does not meet the established criteria 

for an acceptable material. However, it is still desirable to consider the use of foamed 

. RTV 580 for the following reasons: (1) it has experimentally demonstrated the ability to 

protect the cell/glass combination, (2) it provides high frictional damping which limits 

the axial motions of the wraps on the storage drum and (3) processes for aerospace appli- 

cations are already developed. In order to reduce the weight loss and VCM values, it is 

proposed to "post-cure" the array substrate with the foamed buttons under the vacuum and 

at an elevated temperature for a minimum of 48 hours. Note that the buttons are a nominal 
2 

0.040-inch thick, and the total weight of the foamed material on the 250-ft array is 1.20 

pounds. 

> 
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The design of the Engineering Demonstration Model (EDM) is complete and 
fabrication is proceeding. A l l  purchased parts have been ordered. 

The general description and purpose of the EDM remain essentially unchanged from that 

contained in Reference 2. Figure 7 shows an isometric sketch of the proposed model. The 

only basic change in design which has occurred since the second quarterly report is the 

incorporation of a pneumatic system €or the actuation of the separation nuts. 

2.5.1 MECHANICAL DESIGN 

The mechanical design of all components for the EDM has been completed. The fabrication 

of all subassemblies has been started and, in some cases, completed. Figure 8 is a photo- 

graph showing the storage drum, leading edge member, center support, and outboard end 

support (movable part). For  cost effectiveness, the storage drum shell and end caps, and 

the leading edge member have been fabricated from aluminum instead of beryllium. 

The separation nuts (Hi-Shear Part No. SN7311-2) are designed for actuation with pyro- 

technic cartridges. This is a one-shot operation since the nuts are not reusable due to 

contamination from the explosive. In order to reuse the separation nuts on the model, they 

are actuated pneumatically, an approach that has been verified experimentally. A schematic 

diagram of the proposed self-contained, high-pressure pneumatics system is shown in 

Figure 9. A high pressure reservoir (2lQO psig, 57 in. ) will be strapped to the test stand 

of the model. This pressure will be applied to the separation nuts through a flexible hose 

connected to a 8-way, 2-position solenoid actuated value. A push button switch on the 

control panel will apply power to the solenoid to initiate release of the outboard end supports. 

A relief valve, pressure gage, cylinder valve, and charge/vent valve are also provided in 

the system as shown in the schematic. The cylinder on the model should provide enough 

capacity for approximately 10 actuations before requiring recharge. It then can be recharged 

with nitrogen o r  air through the charge/vent valve, a s  required, o r  the system may be 

supplied from an external reservoir through this same valve. 

3 
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Figure 9. Schematic Diagram of the Separation Nut Actuation System 
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2.5.2 ELECTRICAL DESIGN 

Electrical power (18 to 30 vdc) is requ,red for the BI-STEM motor and the solenoid va fe. 

Figure 10 is a schematic of the proposed electrical system that will control the power for 

these functions. This electrical system is self-contained in that it includes a 4-ampere 

hour, rechargeable alkaline battery. A DPST toggle switch (SW6) which turns the battery 

power on o r  off. External power jacks (Figure 11) are located on the control panel in order 

for a laboratory dc power supply to furnish the power for motor operation o r  for recharg- 

ing the battery. A DPDT toggle switch (SW5) controls the power to the BI-STEM motor. 

This switch has three positions: EXTEND, NEUTRAL, and RETRACT. In the EXTEND 

position, power is applied to the BI-STEM motor in the extend direction through switches 

SW1, SW3, and SW4. SW1 is the BI-STEM extension limit switch which changes position 

when the full extension of 33.5 feet is reached. Microswitches SW3 and SW4 a r e  located 

on the outboard end supports. These switches (one on each support) are held open, as shown, 

when the outboard end supports are in the closed, o r  stowed, position. Thus, power can not 

be applied to extend the rod until the end supports have been released. 

With SW5 in the RETRACT position, power is applied to the BI-STEM motor in the retract 

direction through the retraction limit switch, SW2. This switch changes position as soon 

as the rod is extended beyond its fully retracted position. A push button switch (SW7) applies 

power to the solenoid valve in order to actuate the separation nuts. 

2.5.3 1-G VERTICAL DEPLOYMENT 

It is the intent to deploy the EDM vertically upward to its fully extended length of 402 inches. 

The detailed structural analysis of this condition is described in Reference 2. The loading 

on the deployable rod is shown in Figure 12. Equation 2-14 from Reference 2 can be used 
W to establish the allowable combined loading on the tip of the rod (tan kR = - - kR ). 
T 
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Figure 10. Electrical Schematic Diagram of the Engineering Demonstration Model 
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0-5 AMP DC 0-50 VOLTS DC 

WARNING - RECHARGE 
BATTERY IF VOLTAGE 
DROPS BELOW 18 VDC 
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Figure 11. Control Panel Layout 
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, 

The solution of this equation is shown graphically in Figure 13. 

For the present loading on the model: 

T = 4.25 pounds (9 in. -1b Neg'ator B motors are used in the EDM) 

w = w + w  +0.3OW * 
1 2  3 

where 

w = weight of leading edge member 
= 1.13 lbs. 1 

w = weight of array strips 
= 0.90 Ibs. 

2 

w3 = weight of deployable rod 
= 6.37 lbs 

D o .  W = 3.94 lbs 

= 0.927, m = 2.06 (from Figure 13). 
W 
T 
- For 

2 6 
2.06) (29x10 ) (0.01185) m E I  - (  

a 2  
- 

(T + WCR = a2 2 
(402) 

T + W = 4. 25 + 3.94 = 8.19 lbs (limit) 

9.02 
1.25 (8. 19) MS = -1 = -0.12 

Thus, this analysis shows a slight negative margin of safety based on design loads for 

vertical, full length deployment in 1G. This indicates that a deployment aid may be required 

"These weights have been revised from those contained in Reference 2 to reflect the current 
status of the EDM. 
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* if the rod is to be deployed to its fully extended length of 33.5 feet. This deployment aid 

may be a s  simple as a ring around the rod a t  1/3 the distance from the root to limit lateral 

displacement at this point and effectively reduce the length of the column. 

ENSION 

1 DRUM 

W 

ROD 

BUCKLING MODE 

kd (DEGFIEES) 

Figure 13. Critical Buckling Load for l-G Model Rod 
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SECTION 3 

CONCLUSIONS 

Based on the discussion presented in Section 2.1, it  is concluded that a r ray  blanket edge 

curling wil l  not be observable on the flight configuration roll-up solar array. 

The use of 2-ohm cm base resistivity cells is required to obtain the specified power-to- 
2 area ratio of 10 watts/ft . 
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SECTION 4 

RECOMMENDATIONS 

It is recommenc ?d that the fabrication of the Engineering Demonstration Model, as de- 

scribed in Section 2.5, be completed. The thermal cycling tests, which were started dur- 

ing this quarter, should continue into the final quarter in order for conclusive results to 

be obtained. 

'I 
i 
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SECTION 5 

NEW TECHNOLOGY 

No reportable items of new technology have been identified. 
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SINGLE ROD CONFIGURATION 

MATHEMATICAL MODEL 

0 IO DEGREES- OF-FREEDOM 

0 9 MASS POINTS 

0 ARRAY BLANKETS ACT AS EQUIVALENT 

EDGE MEMBER AT 2/3 THE BLANKET 
WIDTH FROM THE ROD CENTERLINE 

GS ATTACHED TO THE LEADING 
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IREMENTS 
1. POSITIVE MARGIN OF SAFETY 

ANALYSIS 

2 
(APPROXIMATES DEFLECTION CURVE DUE 
TO LINEAR TEMPERATURE GRADIENT 

X 
b 

WITH PARABOLIC) 
b =  a  AT^' 

4r 

2b } COS kx - - a”2 x2 
y =  -- SIN kx +{$ - 8 - b - -  

k 2 j 2  kP 

2b Ql -- Q 
P P + - ~ + 8 + b +  

k2d2 

WHERE k =/& 
AT x = $  

y= a 
- b{2(I-COS k h - k h I N  kd}+a{dCOS kd (TAN k t - k k ) }  
w 

k /  SIN k l  

MEMBER BUCKLES AT THE SAME-CRITICAL LOAD AS 
A PIN-ENDED COLUMN. v2  E 1  

’CR= 1 2  
s 
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EIGHT 
MPONENT 

ARRAY 
STORAGE DRUM 

SHELL 
OUTBOARD END CAP 

BEARINGS 
NEGATOR + OUNTING HDWE 

SUPPORT SHAFT 

ARD END CAP 

POWER FEED THROUGHS 
OUTBOARD END SUPPORT 

SEPARATION SYSTEM 
CENTER SUPPORT 
LEADING E 

TUBE 

THERMAL CONTROL COATINGS 
WIRING AN CONNECTORS 

CE REMAINING FOR GROWTb 
SPECIFIED WEIGHT 

0 WATTS AT 30 WATT’LB) 

5.6 
1.5 
2 .o 
I .o 
1.3 
0.8 
2.5 
0.2 

2.6 
0.9 

0.8 
0.2 

SUBTOTAL 

lEIGHT (LB1 

42.5 
14.9 

3.5 

2. I 
I .o 

11.0 
0. I 
0.5 

75.6 
7.7 

03.3 

- PRESENT SPECIFIC POWER .. 33.1 WATT/LB 
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- a  ,I 

5x5  CELL MODULE WEIGHT 
(USES CELLS WITH AVERAGE WEIGHT = 0.1737GM) 

TOTAL WEIGHT = 13,4911 GM 

LESS KAPTON SUBSTRATE = -5.8285 

LESS (POSITIVE) END TAB 1 -0.0769 

LESS (NEGATIVE) END TAB - 0.1512 

LESS CELLS (25) = - 4.3425 

WEIGHT OF: 

( 0 )  INTERCONNECTION TABS 

(b) SOLDER 

( 6 )  COVER GLASS 

(d) COVER GLASS ADHESIVE 

(e) CELL-TO-SUBSTRATE BOND 
3,0920 GM 

(3*0920) (559'76) = 15.04 LB FOR TOTAL ARRAY 
(25) (453.59) 

THIS COMPARES WITH 15.97 LB USED FOR DESIGN 
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EFFECT OF 1 g VERTICAL DEPLOYMENT 

T - BLANKET 
T 

-ROD 

ROD BUCKLING 
MODE 

8 (TAN k d -  k t )  Pk 

8 FOR THIS CASE: Q=T (T), P= T + W 

8[l+'L(TANk/-k4) Pk 

Y 

(T+W)c 

WHERE: 
I M ~ E I  

R' &2 

d=  COLUMN LENGTH 
EI= MEMBER STIFFNESS 

I 
B 

i 
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EFFECT OF VERTICAL DEPLOYMENT 

BI-STEM STATIC LOAD TEST 
ROOF OF HIGH BAY 

1 1 1 1 
PULLEY 

APPLIED LOAD WEIGHT 
(SIMULATED BLANK ET 
TENSION 1 

BOOM 
LOCAL VERTICAL 

BI- 
UNIT 

DESIGN LOADS ON 
ENGINEERING 
DEMONSTRATION 
MODEL 

LOADS INCREASED 

BLANKET 
TENSION 

4.0 I 
4.6 I 

TIP 
MASS 

1.2 I 
1.4 I 

LENGTH 
ALONG 
BOOM 

DEFLECTION 

(IN.) 

31 (TIP) 
20 
14 
7.8 
0 

13 
6 1/4 
3 3/8 
I 1/8 
0 

31 (TIP) 
26 
20 
14 
7.8 
0 

I7 
13 114 
9 
5 
I 5/8 
0 

NOTE 
IN ALL CASES, THE BOOM WAS LOADED BY ITS OWN 
WEIGHT OF APPROXIMATELY 0.2 LB/FT 
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F 

EIGHT SUM 
COMPONENT 

ARRAY 
STORAGE DRUM 

SHELL 
OUTBOARD END CAP 
INBOARD END CAP 
BEARINGS 
NEGATOR + MOUNTING HDWE 
SLIP RINGS 
SUPPORT SHAFT 
POWER FEED THROUGHS 

OUTBOARD END SUPPORT 
SUPPORT 
SEPARATION SYSTEM 

CENTER SUPPORT 
LEADING EDGE MEMBER 

TUBE 
CENTER 

NEL ACTUATOR 

WIRING AND 

BALANCE REMAINING FOR GROWTH 
SPECIFIED WEIGHT 
(2500 WATTS AT 30 WATT/LB) 

PRESENT SPECIFIC POWER I 

5.6 
I .5 
2 .O 
I .o 
I .3 
0.8 
2.5 
0.2 

2.6 
0.9 

0.8 
0.2 

SUBTOTAL 

VEIGHT (La 

42.5 
14.9 

3.5 

2. I 
I .o 

11.0 
0. I 
0.5 

75.6 
7.7 

83.3 

33.1 WATTILB 
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